N,N-Propylenedinicotinamide (Nicaraven) is presently being developed for the treatment of cerebral stroke including subarachnoid hemorrhage. This drug is promising because some data suggest it to have an ability to scavenge the hydroxyl radical under physiological conditions in vivo, while it also has a high permeability through the blood brain barrier.
Oxygen radicals are produced in the brain during cellular respiration and their production accelerates dramatically during brain insult.
1) The most reactive radical, namely, the hydroxyl radical ( · OH) is able to oxidize proteins, 2) lipids 3) and nucleic acids.
2) It is therefore believed to be a very important property for potential drug therapy of brain insult to scavenge · OH.
N,NЈ-propylenedinicotinamide (Nicaraven, Fig. 1 ) is presently being developed for the treatment of cerebral stroke including subarachnoid hemorrhage. 4, 5) Nicaraven has been given to patients by intravenous drip, with four grams of the drug administered over an 8-h period, once per day for a period of 10 d in clinical trials. This drug is promising because data suggest it has an ability to scavenge · OH under physiological conditions in vivo. 6, 7) For example, Gidö and Wieloch demonstrated that the production of 3,4-dihydroxybenzoic acid (3,4-DHBA) from 4-hydroxybenzoic acid given to rats remarkably decreased soon after ischemia when the Nicaraven concentration was increased to 1 mg/ml/min after intravenous infusion. 6) Nicaraven also has high permeability through the blood brain barrier (BBB). 8) Babbs and Griffin first reported a Scatchard plot analysis to determine the total · OH production. 9) We used their slightly modified method to obtain the kinetic constant and this method proved to be very convenient, since no large apparatus was required such as is the case with electron spin resonance or gamma radiolysis. They also reported methanesulfinic acid (MSA) to be produced from a reaction of dimethyl sulfoxide (DMSO) and · OH, and stated that MSA can be measured after diazotization.
We herein describe a method in which, after measuring the quantity of diazotized MSA and using the kinetic constant of the reaction of DMSO with · OH that had been obtained by gamma radiolysis, the kinetic constant of the reaction between a compound and · OH could be obtained.
Although the MSA yielded from the reaction with DMSO cannot be regarded as a product derived with · OH alone and other active oxygen species must also be taken into account according to the finding of Yamazaki and Piette, 10, 11) the total yield of MSA was determined in this study and thereafter was used for the analysis.
Brain drugs need to penetrate the BBB and it is commonly believed that compounds with a high water solubility cannot do so. 12) Nicaraven, however, has a very high water solubility of 821 mg/ml, but nevertheless shows a good BBB penetration. Interestingly, this compound also dissolves in chloroform at 203 mg/ml. A structural analysis of Nicaraven in CDCl 3 , which is a rather hydrophobic environment, was made using the IR absorption spectrum of N-H stretching vibration and a 1 H-NMR spectral analysis, while a semi-empirical quantum mechanical calculation was also performed.
The finding of a quantitative kinetic study with · OH and the structure in CDCl 3 of Nicaraven are reported in this paper.
Theoretical Background for Obtaining a Kinetic Constant The mathematical formula for the Scatchard plot analysis proposed by Babbs and Griffin 9) has been modified as follows. In this formula, k 1 , k 2 and k 3 are the kinetic constants when C is the test compound, e.g. Nicaraven, while Ot represents the other mixtures such as xanthine oxidase, etc.
The MSA produced by the attack of · OH is described by the equation below: The square brackets express the concentration. (1) In this Eq. 1, a represents the coefficient of the MSA yield from DMSO and the diminishing factor of [MSA] by · OH attack. 13) When the DMSO concentration is high enough to capture all the produced · OH, then [ · OH] becomes [CH 3 SOOH] max and a becomes nearly 1.0. Babbs and Griffin developed the mathematical formula noted below based on this hypothesis 9) : When K is defined as (2) then (3) From the above Eq. 3, 1/K defined as Eq. 2 can be obtained from the slope of the straight line of [CH 3 is too low, the MSA generated from it is damaged by an · OH attack, and the effect of [Ot] also cannot be ruled out.
Experimental
Compounds Examined The compounds measured were Nicaraven, mannitol, N-methylnicotinamide (NM-NA), pyridine and N-methylacetamide (NMAA). The reason these compounds were utilized first was to get information about which moiety of the Nicaraven molecule plays a key role in the reaction with · OH. A second reason was to determine the precision of this analytical method by comparing the results with those already published elsewhere. ) NaOH to 40 mM and diluted to 133 mM in phosphate buffered saline (PBS, 100 mM NaCl, 50 mM phosphate buffer, pH7.4). Fe-EDTA was dissolved to 1.5 mM in PBS. DMSO was diluted in PBS to various concentrations ranging from 30 mM to 450 mM (7 points). Xanthine oxidase was diluted 30 times in PBS. The concentration of the compounds examined was 150 mM, respectively.
Materials and Experimental Procedures
Experimental Procedures: The following experimental procedures for the kinetic analysis were similar to those carried out by Babbs and Griffin. 9) The reaction was started by adding 0.2 ml xanthine oxidase (final concentration 56 mU/ml) into the mixture of 0.1 ml DMSO (1.0 mM to 15 mM in final), 0.1 ml of one of the compound solutions, 0.2 ml Fe-EDTA and 2.4 ml hypoxanthine solution. The blank for the optical density measurement had the same composition as the sample solution except 0.1 ml PBS was added instead of 0.1 ml DMSO solution. The final concentration of hypoxanthine was 106 mM, and the concentration of a test compound was 5.0 mM. The reaction was carried out under 20 min standing conditions after slight vortexing. Regarding Nicaraven, the final concentration of 10 mM was also investigated.
Thereafter, the solution was treated in a similar way to that by Babbs and Griffin.
9)
Damage of MSA by · OH To examine the behavior of the MSA exposed to · OH under these experimental conditions, authentic MSA was added instead of DMSO from the beginning and the optical density was measured. The authentic MSA was also measured after the chemical treatment described above in the absence of xanthine oxidase for comparison purposes.
DMSO Concentration to Protect Yielded MSA From the above experiment, the MSA generated under experimental conditions was destroyed by the · OH attack if the DMSO concentration was too low to react with all of the · OH. To further elucidate this problem, certain concentrations of MSA were added to the experiment beforehand and the decay rate of MSA was observed by changing the DMSO concentrations. The concentrations of MSA added beforehand were 0, 11, 22, 38.5 and 55 mM in the final concentration. The DMSO concentrations were 0.47, 0.93, 4.67 and 9.33 mM in the final concentration.
Protection of Yielded MSA by the Combination of DMSO and a Compound Furthermore, the same problem (MSA damage by · OH) could occur when a test compound such as Nicaraven is added. To obtain information on this effect, a DMSO concentration of 0.47 mM and a Nicaraven concentration of 3.3 mM, a DMSO concentration of 0.47 and 0.94 mM and mannitol 3.3 mM were tested using MSA at the same concentrations as those noted above, which was added before the xanthine oxidase was added.
Scatchard Plot Analysis After a careful examination of the above results (see Results), a Scatchard plot analysis was carried out using the 5.0 mM test compound and DMSO solution with a concentration of 1.0, 1.67, 2.5, 3.3, 6.67, 10.0 and 15.0 mM.
Reactive Site of Nicaraven with · OH The Fenton reaction using Fe III was applied 15) to determine which moiety of Nicaraven reacts with · OH. The PBS used had the same composition as that used throughout this work. The final concentration of Nicaraven was 10 mM, while that of Fe-EDTA is 2.0 mM, and the concentrations of H 2 O 2 were 0, 8.8 and 13.2 mM. The 100 ml mixed solution was left standing for 4 to 5 d. After freeze-drying this mixture, the IR and 1 H-NMR spectra were measured. Preparation of DMSOd 6 solution of freeze-dried sample to measure the 1 H-NMR spectrum required filtration. The NMR apparatus used was a JNM-EX270 of JEOL.
From the samples obtained in the same manner as described in the preparation above (freeze-dried sample), extraction was carried out using 120 ml of dichloromethane, after which the insoluble part was dissolved in water and adjusted to pH 10.0 by sodium hydrogencarbonate, and then freezedried. Thereafter the extraction was done using 120 ml of dichloromethane. After obtaining an insoluble part by filtration, the extraction was carried out
using 100 ml ethanol. These three solutions for the extraction were evaporated to dryness at 40°C. TLC (CHCl 3 : methanolϭ5 : 1 and CHCl 3 : methanolϭ5 : 1 plus one drop of acetic acid ), and then the measurement of 1 H-NMR in DMSO-d 6 and IR in the KBr disk were carried out. Structural Study of Nicaraven A structural study of IR absorption measurement was carried out using a Horiba 730 FT-IR spectrometer. The concentrations of Nicaraven were 30, 10, 3 and 0.5 mM in CDCl 3 and that of NM-NA was 10 mM in CDCl 3 . The solution cell had a KBr window with spacing of 0.5 mm.
Molecular dynamics calculation was carried out using the Discover version 2.9.7 software package of Molecular Simulation, Inc. U.S.A., and every 2.5 psec, the structure was selected for simulated annealing from 900K to 300K for one psec. Successive 4 psec dynamics calculations were made at 300K, after which a total of 10 structures were geometry-optimized using molecular mechanics. One of the structures, which had two closed pyridine rings in a stack, even though a complete stacking of the two pyridine rings of this molecule is not possible, was geometry-optimized using the semi-empirical quantum mechanical program package MOPAC, version 6.0. 16) PM3 Hamiltonian was applied in this study. The hardware used was IRIS Indigo2 and Power Challenge from Silicon Graphics.
To confirm the structure obtained by both IR absorption observations and a PM3 calculation study, a 1 H-NMR study was carried out on Nicaraven concentrations of 2 and 20 mM in CDCl 3 . The signals of the two methylene protons of Nicaraven appeared at different resonant positions. Based on the calculated structures by PM3, the Karplus equations were applied to support the correctness of the calculated structures. The Karplus equations used were for the peptide analysis and are expressed as follows.
To assign a coupling constant to each proton pair, the homo-decoupling measurements to two amide protons and to methyl protons were applied using a Varian Mercury 300. When measuring the 2 mM solution, a Bruker DRX750 was used.
Results

Determining the Total [ · OH] Production
By putting MSA instead of DMSO directly into the experimental reaction, the linearity of absorbance to the [MSA] exposed to · OH was confirmed, and the linearity was good. However, the slope of absorbance/[MSA] under experimental conditions was only 1/3 that of the MSA measured in the absence of xanthine oxidase (data not shown). 13 ) Figure 2 shows the absorbance at 425 nm when the known concentrations of MSA were added before the xanthine oxidase was added to the solution. In this case, no test compound to investigate the kinetics was added. The slope of the upper two straight lines was saturated because that with DMSO 4.67 mM was steeper than that with 9.33 mM and the two y-intersections of the straight lines were equal within the range of experimental error. Furthermore, the slopes of these two lines closely coincided with the slope of the line which was drawn when the given concentration of MSA was mixed with PBS (MSA alone in Fig. 2 Fig. 3 . From this point of view, the concentrations of 0.47 mM DMSO with 3.3 mM Nicaraven, and 0.94 mM DMSO with 3.3 mM mannitol would seem to be almost applicable to the Scatchard plots. However, the concentration of DMSO 0.47 mM with mannitol 3.3 mM is clearly unusable for the plot. From these results, the experimental conditions with a higher concentration of the test compound (5 mM) and higher concentrations of DMSO (more than 1.0 mM) have been employed to obtain the kinetic constant of each compound.
Scatchard Plot Analysis The absorbance vs.
[DMSO] with each compound at a concentration of 5 mM is shown in Fig. 4 .
The Scatchard plot of each compound was applied. was greater than 53 mM, the point was omitted from the Scatchard plot. In this experiment, only DMSO 15 mM data had to be omitted. These data not only gave more than 53 mM of MSA, but also deviated from the straight line of the Scatchard plot (data not shown). This fact indicates that DMSO and the radical yielded from DMSO by · OH attack thus yield extra MSA when more than 15 mM DMSO is used. The Scatchard plots of Nicaraven are shown in Fig. 5 , and those of the other compounds in Fig. 6 . By using each slope (Ϫ1/K) and Kϭk 2 [C]/k 1 , k 2 value of each compound was calculated. The results are shown in Table 1 .
The kinetic constant of 10 mM of Nicaraven is also exhibited in Table 1 .
When sterilized water was added which contained none of the detectable metallic ions used for making PBS and no Fe-EDTA, that is, when no metals were involved in this ex- The Reactive Site of Nicaraven with · OH Solvent extraction was carried out to learn which moiety of Nicaraven is attacked by · OH (see Materials and Method). The extracted weight after drying by a vacuum pump is shown in Table 2 .
Nicaraven has two possible sites where the hydroxyl radical attacks; pyridine moiety 22, 23) and amide moiety. [24] [25] [26] Pyridine is known to be changed to pyridinol by an · OH attack. 22, 23) Generally speaking, the phenolic proton shows signals of a higher field than 9.5 ppm on the 1 H-NMR spectrum, while when the amide moiety is attacked by · OH, nicotinic acid or nicotinamide is yielded; because amino acid 24, 25) or Nicaraven (10 mM) 3.4
Ϫ0.208
The slope is the coefficient of the Scatchard plots (Ϫ1/K). The drug concentration is always 5.0 mM, except for the Nicaraven on the last line in which the drug concentration is 10 mM. amino acid amide 26) has been hypothesized to result from protein degradation by an · OH attack.
The search for nicotinic acid and nicotinamide was carried out by 1 H-NMR measurements by adding small amounts of these compounds to each extract, and non-addition and postaddition samples were compared. Nicotinamide was found from two dichloromethane extracts as shown in Fig. 7 . In a pre-search of these compounds, nicotinamide was identified on TLC (data not shown).
The nicotinamide molar content found in this 1 H-NMR measurement was roughly 1/7 that of Nicaraven from the integration of the spectrum of dichloromethane extracts 1 and 2, because the signal strength ratio of pyridine proton of nicotinamide to Nicaraven is about 1/15 when 13.2 mM of H 2 O 2 to 10 mM of Nicaraven was used. In contrast, no nicotinic acid was found in either 1 H-NMR or TLC. No phenolic proton could be found on the 1 H-NMR spectra of three extracts and the freeze dried sample before the extraction was applied.
The ethanol extract showed a rather broad 1 H-NMR spectra (data not shown) even after the re-extraction by 2-propanol to avoid extracting inorganic compounds (data not shown). In this case, the residual 2-propanol showed sharp spectra.
It can thus be concluded that the amide groups of Nicaraven play an important role in reacting with · OH. Other reports mention that the polymerization and precipitation of proteins occur after an · OH attack under oxygen free conditions. 27, 28) Structure Determination of Nicaraven in CDCl 3 The structure in CDCl 3 was obtained after measuring the N-H stretching vibration and calculating the semi-empirical quantum mechanics. Below the 3 mM concentration levels of Nicaraven, the ratio of the strengths of the stretching vibrations of the hydrogen bonded N-H (3340 cm Ϫ1 ) to free N-H (3450 cm
Ϫ1
) is almost constant, as shown in Table 3 . This means that at concentrations below 3 mM, the Nicaraven molecule has no intermolecular hydrogen bond and the dominant structure of Nicaraven has an intramolecular hydrogen bond. The 3 mM IR spectrum is shown in the upper part of Fig. 8 . The spectrum of 10 mM NM-NA in the lower part of Fig. 8 is seen to have almost no intermolecular hydrogen bond.
Three of the ten structures had an intramolecular hydrogen bond after simulated annealing and the successive geometric optimization using molecular mechanics (data not shown). Although there are four possible structures having an intramolecular hydrogen bond, only two structures are possible which have a methine proton and one of the methylene protons is in the trans position (from 1 H-NMR measurement, see below); therefore, we do not have to consider two structures whose methyl groups are axial to a 7-membered ring formed by an intramolecular hydrogen bond. These two possible structures are shown in Fig. 9 . PM3 calculation showed the upper structure of Fig. 9 to be more stable by 2.0 kcal/mol. The most stable conformation by PM3 calculation is called model I and the less-stable structure is called model II in Fig. 9 .
The two different NMR signals of two methylene protons were observed for a CDCl 3 solution of Nicaraven as shown in the upper part of Fig. 10 , which supports the IR measurements in that the main molecular structure has an intramolecular hydrogen bond. The spectrum in a more polar solvent such as DMSO-d 6 however, does not show intra-molecular hydrogen bonding as in the lower part of Fig. 10 . Based on the observed coupling constants obtained in CDCl 3 , the dihedral angles were calculated for models I and II using the 472 Vol. 48, No. 4 Karplus equations given before. These results are given in Table 4 . It was found that the structure of model II can be disregarded due to the disagreement of the observed and calculated HNCH angles. Although the HANCHB angle does not agree with the observed value for model I, the other dihedral angles are closely similar to the observed values. The Karplus equations used in this calculation have been established from rigid molecules and for peptides. In this case, as only one hydrogen bond was seen to contribute to the cyclic structures, some disagreement between the observed and calculated dihedral angles may be permissible because the dynamic motion of the Nicaraven molecule could occur in CDCl 3 . From the 1 H-NMR measurement, the model I structure could be hypothesized to be a main structure in chloroform, and this structure of Nicaraven was maintained even under concentrations as high as 20 mM.
The methylene signals at various concentrations of Nicaraven measured by JNM-EX270 are shown in Fig. 11 . Signals at lower and upper fields are assigned to HB and HC, respectively. By decreasing the concentration of Nicaraven, the center of the HB proton shifts slightly down-field while that of the HC proton shifts slightly up-field and the spectra become complex at low concentrations. For this reason, we used DRX750 to obtain coupling constants at 2 mM. Although slight chemical shifts were observed when Nicaraven concentrations were changed, the main features of the spectra were very similar and no sudden conformational change was observed.
Discussion
Experimental Accuracy and Scavenging · OH by Nicaraven The k 2 values of this experiment are in good agreement with those of the literature cited as shown in Table 1 . Although a relatively high concentration of the compound was needed in this experiment, we were able to relatively easily obtain the value of k 2 by the method described in this paper.
The kinetic constant of the reaction obtained in this experiment between Nicaraven and · OH seems relatively small when Nicaraven is regarded as a direct scavenger of · OH. However, we do not have enough environmental information on brain in disease, nor do we have sufficient local information about the Nicaraven molecule. We must take into account the complex formation ability of Nicaraven to an isolated iron atom, although the ability of the complex formation of Nicaraven with iron is substantially weaker than that of EDTA with iron (data not shown). This fact might support the possibility that Nicaraven molecules tend to be located near iron atoms. In particular, a pyridine nitrogen atom can bind with an iron atom and the Nicaraven molecule can react rapidly with · OH as soon as it is produced from an iron atom owing to the short distance between an iron ion and a Nicaraven molecule. Thus, the relatively high concentration of Nicaraven around an iron ion might be expected in the natural body. It may thus be concluded that the kinetic constant is a very important factor, but we also have to consider local distance and local concentration information whenever we deal with problems including reactions with · OH.
Furthermore, Yamazaki and Piette found that the efficacy of · OH generation varied with the nature of the iron chelators used.
11) Nicaraven-iron complex may decrease the total · OH production.
It is noteworthy that the studies on oxygen free radicals and iron in biology and medicine have been reviewed by Halliwell and Gutteridge. 29) Further investigations on the complex formation of Nicaraven with iron and on the efficacy of · OH generation of the complex are therefore necessary.
Deoxyribose Method and This Method Halliwell et al. reported a simple "test-tube" assay to determine the rate constants using deoxyribose for reactions with hydroxyl radicals. 30) Their method does not require any complex pipette operations and may be more reliable than this method.
Their method can be briefly summarized as follows: 2-Deoxy-D-ribose (DR) is degraded on exposure to · OH produced by Fenton systems. If the resulting complex mixture of products is heated under acidic conditions, malonaldehyde (MDA) is formed and can be detected by its ability to react with thiobarbituric acid (TBA) to form a pink chromogen, namely:
Any other molecule S added to the reaction mixture that is capable of reacting with · OH should compete with DR for · OH to an extent dependent on its rate constant for reaction with · OH and its concentration relative to DR . 32) In addition, the cumyloxyl radical (C 6 H 5 C(CH 3 ) 2 O · ) was found by laser flash photolysis to attack the amide moiety of N-isopropylnicotinamide. 33) These facts suggest the pyridine ring of nicotinic acid derivative is not easily attacked by · OH.
MSA Stability in This System
Scaduto reported that the determination of MSA formation from DMSO underestimates the product of · OH, because MSA is further oxidized by · OH to methanesulfonate. 13) However, more than 5 mM of DMSO protects 100 mM MSA completely in this experiment, when the total [ · OH] is around 50 mM. This means that DMSO could be a good indicator of · O H in in vivo experiments, although there are some difficulties in obtaining total [ · OH] as mentioned before. Actually there are several valuable in vivo reports. [34] [35] [36] Nicaraven Penetration through BBB The permeability of Nicaraven into the brain is fairly good.
7) The structures of brain drugs have been summarized, 37) and both the bulkiness and the ring structures of these drugs appear to be quite important factors. Nitrogen atoms are also included more often in the structures than oxygen atoms. A chain structure is quite rare for a brain drug. Seelig et al. measured the surface area of the brain drugs and found that it is smaller than that of BBB non-penetrable drugs when they are of similar molecular weight. 38) The PM3 calculation as well as the measurement of the IR and 1 H-NMR spectra are very interesting because the structure can be seen to partly resemble benzodiazepines, as shown in Fig. 12 . The methyl in the propylene group of Nicaraven stabilizes the 7-membered ring by the 1-4 atom repulsive interaction. This could mean that Nicaraven assumes a similar, benzodiazepine-like structure when penetrating the BBB.
The benzodiazepine transporter in the brain is not known at present. There might be no specific transporter for benzodiazepines, although there are reports on the benzodiazepine inhibition of nucleoside transport in human erythrocytes 39) and on the benzodiazepine inhibition of triiodothyronine accumulation in human neuroblasts. 40) However, the concentrations of benzodiazepines in the brain are more than twice that in the total blood. 41) This fact suggests the importance of having a benzodiazepine-like structure which is able to penetrate the BBB. 
